such experiments alone can tell us much about the mechanisms relating photosynthesis to the electrical response. First, even in the more simplified aquatic leaves, both the optical and electrical paths are complex; second, virtually nothing is known of the leaf's strictly bioelectric properties in the dark. And the latter information would be difficult or impossible to obtain, since the probable loci of the effects are deep lying mesophyll cells, often shielded from experimental control by impermeable cuticle and nonphotosynthetic epidermal cells, and subject to many unknown metabolic alterations.
It is clearly advantageous to study such light effects in large multinucleate cells, such as Halicyslis, Nitella, and Valonia (see Marsh 9 for reports on V. ventricosa). In these cells, both the optical and electrical paths are much simplified, with the photosynthetically active chloroplasts very close to the electrically active cell surfaces, and the latter accessible to considerable experimental control. Further, in several of these plants there is also a large background of known bioelectric data, which should be useful in interpreting the light effects. With this in view, during the study of other bioelectric effects in Halicystis, the author has constantly included light as one of the variables in experimentation. Many of the experiments were performed as long as 6 or 7 years ago, and some of the effects have been briefy alluded to in former papers. 12-14 Only recently, however, has it seemed possible to explain most of the effects on a rational basis, that of an altered ionic permeability and mobility in the cell surface, as developed in the discussion at the end of this paper.
Most of the phenomena can now be referred, primarily, to treatments which alter the P.D. and ionic mobilities in some characteristic fashion, and then, secondarily, to a few simple effects of photosynthesis which influefice these treatments in turn, either assisting or counteracting them. Usually this is by oxygen production, or CO, consumption with its resultant pH changes. Certain anomalies in the latter were indeed first suggested by the P.D. changes, and corroborated by direct test with the glass electrode, u Otherwise, few new assumptions have had to be introduced to account for the effects in Halicyslis, which may therefore be useful in interpreting the light responses of other single ceils, and the more complicated effects in tissues.
x2 Blinks, L. R., J. Gen. Physiol., 1933-34, 17, 109. 13 Blinks, L. R., Darsie, M. L., and Skow, R. K., J. Gen. Physiol., 1938-39, 22~ 255. 14 Blinks, L. R., and Skow, R. K., Proc. Nat. Acad. Sc., 1938, 24,413 .
Method
In general the technique is that of previous papers of this series. 12, 18 Impaled cells of the Californian H. ovalis have been mostly employed, although in many instances concordant results have also been obtained with H. Osterhoutii in Bermuda. Adequate time for recovery after impalement was allowed, usually overnight or longer. (Illumination tends to hasten recovery soon after impalement; see below.) Measurement was by compensation potentiometry with a sensitive galvanometer as null indicator. Readings were usually taken at 15 second intervals during rapid changes of P.D., or at 1 or 2 minute intervals during slower changes. More recently many records have been taken with the automatic recording potentiometer (Mieromax) of Leeds and Northrup, which balances itself every 3 seconds, and faithfully follows moderately rapid potential changes. Both methods can be used with a vacuum tube circuit to avoid even momentary current drain on the cell, but this is not usually necessary. Extremely rapid changes, especially during the first moments of ill-ruination, have in some cases been recorded photographically, using a quick galvanometer or string galvanometer.
The light sources have been daylight (north marine exposure), incandescent lamps, and carbon arcs, all measured with a photronic meter placed as close to the position of the cell as possible. Slightly crumpled aluminum foil reflectors were placed at the backs and sides of the shell vials containing the cells, to equalize illumination around the cell as much as possible. No essential difference has been observed in the effects of the different light sources; in addition, several Coming glass filters of calibrated transmission were used to isolate spectral regions. The effective wave lengths in general corresponded to those of chlorophyll absorption; both red and blue regions of comparable intensity produced good responses, while green was much less effective (enabling many "dark" operations to be carried out in dim green light, to which the eye is very sensitive).
The laboratory was darkened between illumination periods to an average light intensity of less than 1 meter candle; there was no bioelectric response to this dim light. As an added precaution during dark periods, the vial containing the cell was also completely shielded with a cylinder of black paper; this was replaced with the foil reflector during illumination. In exploring the effect of varied light intensity, the same lamp was used throughout, being moved along an optical bench until the desired reading was obtained on the meter. Infrared was largely filtered out by means of a dilute CuSO4 solution in the path of the light; but removal of this filter usually produced no perceptible effect, except in cases where slow heating of the sea water gave rise to complications (e.g. with lowered O~ tension, or with added ammonia). Temperatures were read on a thermometer in the same vial as the cell, and usually not more than I°C. variations occurred in a given experiment; an extra water bath around the vial was often used to maintain a still more constant temperature. The sea water in the vial itself was also frequently stirred by bubbling gas (air or N2).
In the present paper, only room temperatures (IS to 22°C.) were employed. Temperature of course influences the photosynthetic rate, and therefore the speed of bioelectric response to light in many cases; its effects will be specifically described in another paper.
Little or no ultraviolet was ordinarily present in the light reaching the cell through glass barriers; but when a few ceils were purposely exposed to ultraviolet from carbon or quartz-mercury arc source, with no glass and a minimum of sea water intervening, no distinctive effect was observed. A few experiments indicated that much longer exposure to intense ultraviolet decreases later response to visible light. This is in agreement with its inhibiting effect upon photosynthesis. 
Effects of Light on the Normal Potential
As pointed out in previous papers, '~, 13 the P. Illumination, even with rather intense light (10,000 meter candles or higher) does not raise this dark value very greatly: at the maximum about 8 my., or 10 per cent, and usually only 2 or 3 inv. (3 or 4 per cent). The form of this small light response, such as it is, is fairly characteristic, consisting of a quick initial increase of 1 or 2 my., followed by a fall, after which there may be a slower rise occupying several minutes. A slow decrease may then follow, with continued illumination. On darkening, a converse change occurs, with a small initial decrease, a momentary recovery, and a slower drift toward the steady dark value.
Examples of the normal response are shown in Fig. 1 ; others are to be seen as controls accompanying experimental modifications in Figs. 8 and 11. This normal time course in some ways resembles that found in leaves, etc., although it is very much smaller in magnitude. (Changes of 50 to 100 mv. have been found in leaves on illumination.) It much more closely parallels, although in reverse sign, the light effects in impaled Valonia (as reported by Marsh 9 in V. ventricosa, and verified by the author in that species and in V. macropkysa). There again, the actual change in millivolts is usually small 15 Arnold, W., J. Gen. Physiol., 1933-34, 17, 135. under small vessel for some time, partially depleting the oxygen in the sea water. Light here increases the V.D. from 45 to 53 my., and would have raised it still higher on continued exposure. In the dark the P.D. then remains almost at its preceding light level, not immediately falling. This is due to the oxygen released by photosynthesis. Finally, curve a represents the increased effect of light on the V.D. as it develops in a freshly impaled cell. The first arrow shows the moment of impalement, measurements being begun as soon as possible thereafter. At about 25 inv., the cell was illuminated and the I'.D. rose much more rapidly to 48 my. In the dark it then rose more slowly to 55 my., in the light rapidly again to 72 my. In the dark it then was nearly constant, but light drove it to 77 my., where it remained, in the dark. The greater sensitivity to light during the rise of V.D. is discussed in the text.
Actual tracing of Micromax records, balanced every 3 seconds. Solid lines represent dark observations (D), broken lines, light (L), arrows indicating time of change.
How then may we reconcile these small effects in single cells with the much larger ones often found in complex tissues? It might of course be suggested that the latter are due to the summation of small effects in a long series of single cells. But this demands either an inherent polarity along each cell (like the radial asymmetry observed in Halicystis on impalement), or an appreciable light gradient across each cell. While these may contribute, it seems more reasonable that the large effects are in many cases due to exaggeration of the normal small light effect by various recta-bolic conditions (decreased 02, increased CO2, production of acid or ammonia, etc.) which might prevail in thick, massive tissues. Greatly magnified effects in Halicystis, produced by just such agencies, will be described in the next sections.
Before passing on to these controlled effects, it may be well to describe a larger light effect often obtained, which can hardly be classed as "normal," yet might arise under some conditions of experiment. This is the greater sensitivity to light observed soon after the cells are impaled, and before the P.D. has risen to its normal constant value. Light given then hastens the rise of P.D., apparently speeding up recovery from the injury of impalement, since the P.D. does not fall back very much on darkening. The cause of this is not analyzed, but may be connected with the markedly increased respiratory rate which has been measured in this laboratory soon after impalement; this possibly decreases the 02 tension in or near the cell to a point which lowers the P.D., 13 and is counteracted by the O, released in the cell by photosynthesis (cf. next section).
Another possibility is that a high internal acidity develops, either as the result of this respiration, or from the mechanical breakdown of barriers during impalement. Such acidity also affects the P.D. (see below); and photosynthesis, by using up CO, could counteract it. Possibly some intermediate product of photosynthesis is more readily utilized in healing the wound around the capillary, or in other adjustments, than the more stable reserve carbohydrates. The effect is best avoided by allowing sufficient time for recovery.
A characteristic example is shown in Fig. 1 a, in comparison with the normal light effects later observed.
A somewhat similar increased sensitivity to light has been observed in freshly impaled Valonia cells (unpublished observations).
Another, larger light effect, can also be induced by keeping the cell in the dark very quietly for some time--overnight or longer--especially in a very small vessel. Then the P.D. falls, 1. and is restored markedly by light (Fig. ld) . Since this appears to be largely due to lowering of the oxygen content of the small volume of sea water by the cell's own respiration, it is best explained by the next section.
Lowered Oxygen Tension
As indicated in a recent paper, TM sufficient lowering of the 02 content of the sea water surrounding an impaled Halicystis cell causes the P.D. to fall from about 80 my. to around 10 or 15 my., or even less. This may be accomplished by the cell's own respiration in a very small closed vessel (as above) or more rapidly by adding a rapidly respiring organism such as Ulva or yeast (cf. Fig. 2 ) but most satisfactorily and clearly, without the complication of CO2 production and other factors, by bubbling the sea water with a stream of nitrogen containing a low percentage of O, (e.g., 0.2 per cent O,).
It was early found that such depression of P.D. occurred only in the dark, or at very low light intensities. Strong illumination promptly restores the P.D., as shown in Fig. 3 , with practically the same time course as produced by re-introduction of air. of light is here due to photosynthetic production of oxygen.
..
It seems reasonable to conclude that the effect (Fig. 3) . In the presence of 8 per cent and 16 per cent yeast, however, light produces no recovery, although the restoration of sea water does. This failure to recover is probably not due to the exhaustion of oxygen, since light can usually overcome even the most anaerobic conditions; but to the accumulation of narcotic quantities of CO2 in the higher yeast concentrations, which photosynthesis is unable to reduce sufficiently (of. Fig. 8 ). Alcohol in any quantities the yeast could produce in this short exposure, is not effective.
Tracings of actual Micromax records, balanced every 3 seconds. Solid lines represent dark (D) and broken lines light (L), the arrows signifying time of change of these or other conditions. Very intense light was used, to penetrate the denser yeast suspensions.
Since the O~ is released inside the protoplasm itself, it is directly available to the respiratory mechanisms, which probably consume their share before any O2 diffuses out of the cell. Therefore it makes little difference in the recovery of P.D. whether the sea water is quiet during the illumination, or bubbled actively with nitrogen, or even hydrogen plus platinum black to catalyze oxygen removal (Fig. 12) . However, without such bubbling, the photosynthetically produced 0,. reaches a higher and higher concentration in the sea water, the P.D. falls more slowly on darkening, and after several illuminations, does not fall at all for some time.
Over a certain range (often 50 to 500 meter candles), light intensity determines the P.D. level reached, and to some extent, the speed of recovery. The sea water has been previously bubbled with nitrogen, containing 0.2 per cent 03, and the 1,.D. has fallen to i0 my. in the dark. As this nitrogen continues to bubble, the cell is then illuminated (5000 meter candies, incandescent source). There is an initial sharp decrease of P.D., followed by a steady rise until the normal P.D. of about 82 my. is restored. The p.n. falls again rapidly in the dark to 10 my. The bubbling of air at this point, instead of N2, again restores the normal P.D. in the dark, after an initial depression (here to a slightly negative value). Note the marked resemblance of the recovery curves in the two cases.
Closed circles represent dark observations (D), open circles, light (L). Dark periods also indicated here by the black bars at the base of the graph. Vertical arrows indicate moments of illumination and darkening, and of admission of air.
somewhat lower levels reached on the decreasing scale may represent a lower vacuolar and protoplasmic O, content, as the result of the long continued N~ bubbling, possibly aided by the increased respiration known to follow photosynthesis. In Fig. 4 the intensity was not increased sufficiently to reach normal P.D. values, but when the latter level is reached, further increase of light intensity has little further effect (Fig. 5) . This is probably due to a sufficiency of O3 to maintain the normal bioelectric properties, not necessarily to a limiting rate of photosynthesis. The experiment does not give information on this point, although Warburg manometric measurements with Halicystis cells do indicate that photosynthesis is also at a nearly saturated rate in sea water at comparable light intensities, CO: probably becoming a limiting factor at this temperature.
A characteristic of the light response, even at lower intensities, but especially at high intensity, is the cusp which carries the r.D. downward before it starts to recover ( Figures represent the intensity in meter candles, as measured by a photronic meter placed as closely as possible in the position of the cell. The source was an incandescent lamp, moved along an optical bench to give the desired intensities. Arrows indicate moment of changed intensity. Adequate CO~ was insured by bubbling the N2 previously through a bicarbonate solution. Open circles, light; closed circles, dark.
pected anomaly of the time course of photosynthesis itself, but since an almost identical cusp is produced by the admission of air (Fig. 3) , it seems to be concerned rather with the respiratory or bioelectric mechanism. The explanation may be that suggested by Gaffron, 16 that during anaerobic le Gaffron, H., Biochem. Z., Berlin, 1935, 9.80, 337; Natur~ssenschaften, 1937, which produce an excess of CO, when oxygen is first admitted (or produced within the cell). We shall see below that CO, and other weak acids can depress the v.n.; in fact there is strong resemblance between their effects and those of low 02, and it may well be that the latter effect is chiefly due to increased protoplasmic acidity. (Green algae have been~shown to produce acid (probably lactic) anaerobicallyY)
Time ( mlnute5 ) FIG. 5. Effect of varying light intensity on the P.D. of//. ovaHs exposed to sea water with low oxygen content (continuously bubbled with nitrogen containing 0.2 per cent 0~). At the beginning of the record the cell had been exposed to this overnight, and the 1".n. had dropped to 15 inv. in the dark. But 375 meter candies from an incandescent source were sufficient to restore the 1".9. to 83 my. (start of graph). This was raised only to 88 my. by quadrupling the intensity to 1500 meter candies (higher intensities did not increase the 1,.D. further). The intensity was again decreased to 375 meter candles with restoration of the original value; then the intensity was halved successively to 188, 90, 45, and 22 meter candles respectively as marked. The latter two intensities were insuifcient to raise the 1,.9. much above the dark value of 14 my., but increase to 90 meter candles after an initial cusp, raised the level to 30 my., and 188 meter candles to 75 my. It is evident that most of the effective range where light controls the 1,.n. was in this case 50 to 400 meter candles, higher and lower intensities having little further effect. Open circles, light; closed circles, dark. Figures refer to meter candles.
Whatever the explanation for the cusps, their opposite direction to the main recovery drift can give very unusual curves, if only short light exposures are given. Fig. 6 shows examples where the light effect is entirely negative, decreasing the P.D., and the succeeding dark effect more positive. This is characteristic only when the P.D. is low, however; the anomalies tend to disappear as the light is left on longer, or the P.D. is carried to higher values by a rapid succession of light flashes. Other cusps, with probably the same cause, will be discussed in later sections.
n Gaffron, H., Biol. Zentr., 1939, 59, 288. One further aspect of short light and dark periods is shown in Fig. 7 . The P.D., fluctuating though it is, centers itself about a figure roughly corresponding to the level reached if the same energy is given continuously.
For example, 1 minute light periods of 90 meter candles, followed by 1
Time (minutes) FIG. 6. Effect of short light and longer dark periods upon the P.D. of Halicystis, exposed to low 02 tensions. Nitrogen had been bubbled in the dark, long enough to carry the P.D. down to 5 my. Light (5000 meter candles from incandescent source) was then given for one 1 minute interval, followed by 9 minutes of dark. It is seen that the negative anomaly is at first the only effect of the 1 minute flash, and a reverse anomaly in the first moments of dark. Gradually however, the dark P.D. creeps up to about 10 Inv. after five flashes, and after this the light flash produces strong positivity, the dark period a fall from this value. Graph b continues the 1 minute exposures, after a 20 minute dark period. When the dark periods are reduced to 5 minutes each in the middle of the record, the P.D. creeps up to over 20 inv. owing to the greater total light now received. Finally the 1,.I). recovers its full value of 86 inv. with continuous illumination.
Open circles, light; closed circles, dark.
minute dark periods, maintain the P.D. at about the same level as 45 meter candles continuous light, under the same conditions of low oxygen tension. Thus the production of O2 is not appreciably more efficient when the light is concentrated in these relatively long flashes. One would have to give extremely short flashes of the order of fractions of a second to obtain the extra efficiencies found by Warburg, and Emerson and Arnold. This experiment is planned for future work on Halicystis (cf. Marsh 2 on Valonia).
In connection with these short exposures, it should be noted that in most cases where there is any response to light at all, no appreciable induction period is observed. Even when the response is anomalous, and counter to the later drift, it usually begins as quickly as the most rapid instruments can follow; e.g., photographic records of string galvanometer deflection. (But with a method which was slower in following the changes, have been used to exhaust the oxygen, does an appreciable induction period appear. Then the P.I). may be practically zero, and show no instant response to light, several minutes elapsing before it even begins to drift slowly upward. The explanation for this is probably that toxic products (including H2S) must be oxidized before the P.D. can recover. It seems significant that under these conditions, the introduction of just a trace of atmospheric oxygen (as by merely lifting the cell out of the vessel and replacing it) often then enables light to produce an immediate and large bioelectric response, even though the P.D. has not been greatly increased by this O,. in the dark.
Increased CO~ Tension
It seemed possible that long exposure to low O,., by bubbling with nearly pure N,. gas, might scrub out most of the CO,. from sea water and cell, to the point where low CO,. might limit the photosynthetic rate and the evolution of O,. CO,. was therefore added in some cases to the N,. stream by metering with a bubble counter, 13 or by passage through bicarbonate solution. In neither case was the recovery in light any faster or more "complete than in the pure gas, indicating that sufficient CO, was available from anaerobic respiration, or from carbonates in cell and sea water, so that it had not become limiting (cf. also Valonia~).
On the contrary, indeed, when CO,. was considerably increased, up to I5 or 20 per cent in the N,. stream, it inhibited the recovery of P.D., even at high light intensities, either abolishing the response, or limiting it to the negative anomaly, without later positive drift. Since high CO,. concentrations are known to inhibit photosynthesis, this result would not be surprising. However, this is probably not the explanation involved here; but rather, that CO2 has a depressing effect upon the P.D. itself, quite aside from photosynthesis. Added to sea water, it lowers the 1,.D., even in the presence of air; and this depression begins at somewhat lower CO,. tensions than those that inhibit photosynthesis, since light can still restore the P.D. over a limited CO, range. The depression can be ascribed to an effect upon ionic mobilities in the cell surface, probably due to increased acidity of the protoplasm, caused by the penetrating CO,. (pH change of the sea water alone is not effective). The nature of this is indicated in the discussion. Recovery would of course be due to photosynthetic consumption of this CO,. Fig. 8 indicates some of the characteristic light effects in the presence of increased CO, tension. It will be noted that recovery in light only occurs ff the P.D. has not been carried too far down, contrary to the situation with low Oz. If there is too much CO,., light cannot overcome it, either because the acidity is too great to be overcome, or photosynthesis is itself inhibited. It is possibly the former, since the negative anomaly may still persist, in fact may be the only effect of light. At intermediate levels, however, complete recovery may be induced by sufficient light, often with marked cusps. This may well explain some of the larger effects in leaves, etc.
To some extent these same effects are produced by other weak acids (e.g., acetic) which penetrate the cell readily. Since it is hardly likely that these are themselves destroyed in photosynthesis, the recovery of P.n. in light must then be ascribed to the reduction of C02 which has been released from Compare the slight effects of light on the same cell in sea water bubbled with air, and CO2-free air (curve a').
Curve b indicates a similar experiment in which the P.D. is carried down, by two successive bubblings with CO,, even under continuous illumination (750 meter candles). The negative anomaly is again shown at low P.9. values. Air is then bubbled twice, sweeping out some of the CO2, whereupon light produces a quick rise of P.D. (after a cusp). Curve b p continues this graph, indicating how the r.n. is gradually driven higher on successive light exposures, which consume the COs in and near the cell.
Open circles, light (L); closed circles, dark (D), arrows showing time of change.
carbonates inside these cells by the penetrating acid. Naturally the margin of acidity which can here be overcome is even less than with CO, alone, and it is indeed found that only moderate depressions of P.D. can be overcome. In these cases, however, the negative anomaly may often persist, as if the acidity were still further increased at first by light.
Ammonia
Since the depression of P.D. by CO2 and the recovery in light are probably due to internal pH changes, it is fortunate that there is an independent means of sensitizing the cells to pH changes in the external medium. Normally the P.D. of Halicystis ovalis does not respond appreciably to acidity changes in the sea water between pH 6 and 10, especially if the sea water is well aerated after the changes, to bring the CO,. back into equilibrium with the air. (H. Osterhoutii is somewhat more sensitive to pH change.) Nor is the response to light appreciably changed over this pH range. But if a little smmonia (NI-I~C1 or other ammonium salt) is added to the sea water around the cells, pH changes in this medium strongly affect the P.9. Increased pH now depresses the P.9., or reverses its sign if sufficient ammonia is present; decreased pH counteracts such reversal, and raises the positive P.9. Both of these effects are due to altered dissociation of the ammonia, the free base of which readily penetrates the protoplasm, and alters the P.D. (again accompanied by an alteration of ionic mobilities in the surface; see Discussion).
When these effects were first described TM it was remarked that light fluctuations (passing clouds, etc.) influenced the P.D. much more than normally, and it was suggested that pH changes were responsible, due to CO,. assimilation. Further study has shown to what a remarkable extent light can control the P.D. of HaUcystis in the presence of ammonia.
The following effects have been found: (a) A given ammonia concentration produces a larger effect in the light than in the dark; the P.D. falls to a lower value, the concentration for reversal to a negative sign is less, and the negative P.9. reached is greater.
(b) The direction of the light effect in the presence of ammonia is the opposite of the small normal one, or the main recoveries from low O, or high CO,; light now makes the P.D. less positive (or more negative), instead of more positive.
(c) There are, however, even more striking anomalies in the general time course, by which the initial cusps, noted in the previous treatments, become tremendously magnified. This again suggests an initial acidity change in the opposite direction to that generally assumed in photosynthesis. And there are corresponding anomalies in the darkening response.
Figs. 9 and 10 show many of these characteristics, including the hysteresis which is characteristic of ammonia treatments; a smaller ammonia concentration is required to maintain a reversed P.D. than to induce it originally. Similarly, a concentration which is not quite sufficient to reverse the P.D.
alone, often maintains it in the dark after light has aided in the reversal. This hysteresis even extends to the anomalous cusp which drives the P.D.
Time (minister) FIG. 9. Effect of light on the P.V. across the protoplasm of H, ovalis, when the cell is exposed to sea water containing ammonia below the threshold for reversal of P.D. The addition of 0.001 M Ntt4C1 to the sea water at pH 8.0 lowers the P.D. to about 65 Inv. Illumination (2100 meter candles, incandescent source) then produces a slight increase after which the P.D. drifts downward, and in I0 minutes reaches a rather constant value at about 60 my. Darkening at this time produces a small counter-cusp, after which the P.D. rises to about 73 my. Succeeding light periods decrease the P.D., but always after an initial cusp which increases the value. Converse cusps occur on darkening, becoming more conspicuous as the P.D. falls to lower levels. Then in curve (b) 0.002 ~r NH4CI is added. The P.D. falls to 58 my. (after a cusp) but shows no further sign of reversing in the dark. When illuminated however (3000 meter candles), after an initial increase, the P.D. rapidly falls and reverses to about 22 my. negative. Darkening at this point produces a further negative cusp, followed by a decrease and rise, characteristic of the P.D. when first reversed by ammonia. A second illumination produces a very striking cusp which causes recovery to 40 inv. positive before reversing back to 40 my. negative.
After a 10 minute dark period, a half-minute light flash produces another large cusp to 40 my. positive, with prompt return to negative P.D. Successive short flashes repeat this effect, the cusp becoming greater with longer durations and finally, at 3 minutes, being carried so far positive that darkening intervenes before the later light effect can induce reversal, and the P.D. recovers its normal positive sign. This hysteresis is characteristic of ammonia near the threshold. The acid gush first produced by light causes recovery before the later alkaline drift can cause reversal (as in the first part of b).
Open circles, light periods (L); black circles, dark (D). Arrows indicate beginning and end of illumination (only beginning shown with short flashes, whose duration is indicated by figures). more positive during the first moments of illumination, before the negative influence predominates. Fig. 9 shows an example: 0.002 M NH4C1 is unable to reverse the P.D., until aided by 20 minutes illumination. The negative P.D. is then in turn maintained in the dark, until a very short light exposure induces recovery. The light is then turned off during the positive cusp. In the dark the P.D. starts toward negativity, but is too far positive to continue, and recovers. Naturally the ammonia concentration must be ovalis, exposed to subthreshold ammonia concentration. This is the same cell used in Fig. 9 , which then stood overnight in 0.002 M NH4C1, without reversal of P.D. Illumination with increasingly higher light intensities, as marked, decreases the P.D.; 5600 meter candles carry it so low that the P.D. reverses on later darkening, first with a large cusp, and later more permanently• In b, light carries this negative r.D. to still higher values, but only after initial cusps in the opposite direction. The slow recovery in the dark indicates that the ammonia is very close to threshold after the continued illumination. More rapid recovery fonows the last, shorter light period. Note the smaller upward cusps when darkening succeeds lower light intensities.
Open circles show light periods, black circles, dark, with arrows indicating beginning and end of periods. Incandescent source on optical bench giving light intensities as marked, in meter candles, metered with photronic cell.
well adjusted, close to the threshold, to show this effect, but it illustrates how light can be used to throw the P.D. permanently in either direction. A somewhat analogous effect was described in a previous paper, is for the concurrent action of ammonia and current flow. Such sensitization to light by a substance often found naturally in the vacuole of ldalicystis cells, TM and tolerated without injury for long periods, evidently gives important clues to the changes of pH occurring during illumination, both inside and outside the cell. On the whole these agree with the expected rise of pH by consumption of CO2, causing increase of undissociated ammonia, and fall or reversal of P.D. as a result. Two questions, however, remain: (1) is this change effective inside the protoplasm, or outside it; and (2) what causes the "cusps" in the opposite direction during the first moments of illumination (as well as the reverse cusps on darkening)?
As to whether the pH changes are effective inside or outside the cell, a partial answer is given by experiments in which the sea water is kept buffered (e.g., by borate) during exposure to ammonia and light. The regular ammonia effect still occurs in the dark, indeed at a somewhat lower concentration of NH4C1 than in ordinary sea water. This is probably because the borate keeps the sea water next the cell better buffered, and it does not become as acid when the ammonia penetrates the cell leaving HC1 behind. But illumination does not now aid the ammonia effect very well, probably because the better buffering again prevents as great pH changes outside the cell due to COs consumption. On the other hand, the anomalous cusps, which carry the P.D. more positive during the first moments of illumination, still persist in the presence of borate buffer. In fact they may even become more conspicuous because the ammonia cannot later enter as rapidly; and the same is true of the contrary cusps produced on darkening.
This makes it seem likely that the regular negative drift with ammonia plus light is due to the expected rise of pH outside the cell (due to photosynthetic utilization of C02). This shifts the ammonia dissociation so that more free base may enter the cell. On the other hand the initial anomalies are due to increased acidity largely restricted to the protoplasm itself, and counteracting the ammonia which has entered there. It is probably capable of lowering the pH outside, only if CO, is released and able to move out.
The converse dark effect, of decreased acidity preceding respiration, might be due to the dark consumption of CO2 by a mechanism prepared for it in the light. 1°, 20
These explanations of the anomalies in terms of acidity changes have gained confirmation by direct pH measurements, as described below.
l0 McAlister, E. D., Y. Gen. Physiol., 1938-39, 9 .2,613. 2o Ruben, S., Hassid, W. Z., and Kamen, M. D., J. Am. Chem. Soc., 1939, 61,661. A previous paper 14 has shown that a glass electrode in direct contact with the leaves or thallus of various terrestrial and aquatic plants, rapidly responds to the pH changes resulting from respiration or photosynthesis. Diffusion is so rapid across the few microns of solution between cells and electrode that the response to illumination is almost instantaneous, within the period of the galvanometer employed. The normally expected drifts toward acidity in the dark due to CO~ production, and toward alkalinity during photosynthesis, are always shown, in a variety of tissues. But in many cases there are also anomalies during the first moments of illumination or darkening, i.e. toward acidity before the alkaline drift in the light, and toward alkalinity before the acid drift in darkness.
These anomalies have been found so generally in leaves, Ulva, and suspensions of unicellular algae, that they could well be assumed to account for the bioelectric anomalies in ilalicystis. It was of interest, however, to see whether such anomalies could be actually demonstrated in Halicystis itself. The problem of making close contact with the spherical cell surface was a little troublesome, but was solved by using a cup-shaped glass electrode, very like the early design of Tookey-Kerridgc. The somewhat resilient cell of Halicystis was readily pressed into close contact with this cup (the rest of the electrode being paraffined); the cup could also be used to support an impaled cell for concurrent bioelectric measurements. Circuits were so arranged that changes in the glass electrode and bioelectric circuits could be recorded simultaneously on the same photographic paper, without interference with each other.
When the cell was illuminated, the glass electrode record often displayed a small cusp toward greater acidity before the alkaline drift set in. This happened even when there was little or no bioelectric effect of light; i.e., when the P.D. was normal. A greater response was sometimes shown when the cell was exposed to ammonia. On the other hand when the sea water was better buffered, little or no change of pH could be detected, even though the bioelectric response might be showing large cusps. This indicated the independence of the two circuits, but also, more significantly, that the acid gush is essentially an internal affair, within the protoplasm, and appears outside only if the latter is a poorly buffered solution. (Effects with leaves, etc., are also best shown in distilled water, or unbuffered sea water.)
The external appearance of the acid gush is probably dependent upon the decomposition of internal carbonate, and the release of COs to the exterior. Probably the rather slight acid anomalies shown by the glass electrode with Halicystis are due to the very thin protoplasmic layer, with small carbonate reserves compared to the vacuole and sea water. The appearance of even a slight cusp is significant under these conditions.
Ammonia Plus Low Os
Even in the dark, this combination has been described TM as giving complex time courses; the addition of light as a third variable gives, as might be expected, still greater complexity. Not only cusps, but three and four peaked curves have been obtained, which rise, fall, and reverse in succession. Fig. 11 gives an example. The behavior evidently depends upon the time sequence of anomalous acid gush, oxygen production, regular COs consumption, and the ammonia hysteresis. No doubt CO, and other variables could be introduced to complicate the picture further--just as many of these factors are probably present in leaves, etc., to give the complex curves ~o .~c
is0 Do Time (mituette~) Fro. 11. Effect of light on the P.D. Of H. ovalis, when exposed to low concentrations of R--I-I4C1, in the presence of low O~ tension. A small normal light effect is first seen. Then 0.001 M NH4CI is added to the sea water, depressing the P.D. to 70 my., but with no further sign of reversal. However, when N~ (plus 0.2 per cent O=) is then bubbled, the P.D. quickly reverses, with characteristic negative cusps. When these are largely over, daylight is given (1000 meter candies). The P.D. recovers positivity, after a complex curve with one small and two large cusps. Darkening gives a pronounced negative cusp with partial recovery; and light a final negativity after four cusps.
Thereafter, in curve b, light merely made evident the negative P.n. characteristic of ammonia, while dark reduced this to the low positive value characteristic of low oxygen. Finally air was admitted, having much the same effect as light; and succeeding light responses were negligible, ammonia now thoroughly dominating the P.n. (Later bubbling with N2, not shown, gradually restored the light effects of the first part of curve b.) there observed. The fact that the very simple and slight light response in normal Halicystls can be so enormously complicated by experimental control, is perhaps the chief lesson to be drawn from Fig. 11 .
Other Light Effects
In the course of other treatments, light has been found to have effects comparable to those here included. Perhaps the most surprising was in the presence of unbalanced NaC1, the effects of which are markedly enhanced by light. Since this agent acts somewhat like ammonia, an increase of alkalinity is probably involved.
Other light effects have been found in the presence of various metabolic stimulants and inhibitors, and will be described in a later paper.
DISCUSSION
It is now desirable to inquire more closely into the causes of the light effects.
Since light does not greatly alter the normal P.D. of llalicystis, we may probably rule out any direct effect of light upon the normal permeability of the cell (as by altering the mobility and solubility of ions in the surface). Nor, for the same reason, does it appear to have any immediate effect, at least, upon the sources of potential energy, such as the gradients of ions, internal or external, which by their differing mobilities in the two surfaces, give rise to the observed steady P.D. Of course it must be granted, since
Halicystis is an autotrophic plant, dependent eventually on photosynthesis for its entire substance and existence, that light is ultimately responsible for all the phenomena which it displays: for both surfaces and ion gradients alike. Without light during their previous growth period, the cells simply would not be here to experiment with. But with rderence to any short illumination periods, and even the normal day and night fluctuations, no great effect upon the electrical system is produced. It is already set up and running, with fairly stable surfaces and internal ion sources, not immediately disturbed by light or dark.
However, this rather stable normal P.D. can be altered or sensitized by certain treatments, as we have seen, and then light may have a powerful influence, by acting with or against these treatments. Fortunately, something quite definite can .now be said about some of these changes, and incidentally about the source of P.D. itself.
This grows out of recent work in this laboratory upon the substitution of various anions for the chloride which predominates in the sea water and sap. (Most of the previous attention had centered upon cation substitution.) This will not be documented here, since it will be more fully presented in another paper. But a brief outline is necessary. As long appreciated in 5i6 POTENTIALS IN HALICYSTIS. VIII Valonia 21 and recently shown in H. Osterkoutii, ~ the mobility of C1-ion in the outer surface of H. ovalis also is greater than that of Na +. Sea water can thus contribute to the positive P.D., (assuming it remains less concentrated in the protoplasm); and the P.D. is actually decreased by dilution of the sea water, although the extent of this change is limited. Br-resembles CI-, although it is not so mobile. But the situation is quite different with all the other anions which have been tried, both inorganic and organic: nitrate, sulfate, 18 formate, acetate, propionate, butyrate, lactate, pyruvate, glutamate, and others. When sodium salts of these replace the NaC1 of sea water, the P.D. is greatly decreased, or even reversed on their full substitution (with some Mg, Ca, and K present to maintain physiological balance). Such an anion-substltuted sea water also shows a reversed dilution effect (dilute solution more positive, instead of more negative as with chlorides) indicating that the mobility of Na + in the protoplasmic surface is now greater than any of these anions (which are all much alike in effect).
The effect is similar when such sea waters (nitrate, formate, etc.) are perfused in the vacuole, except that, being applied internally, the P.D. is increased, from the normal 80 my., up to 100 my. or more (the first clear case of appreciable experimental increase of the Halicystis P.D.). But, even with very thorough perfusion, such increase is not at all as great as the decrease produced by external exposures to the same solution. This experiment directly demonstrates, therefore, the long postulated difference between the inner and outer surfaces of the protoplasm, the inner being less sensitive to the substitution of these anions than the outer. (It is also less sensitive to K + ions, and to the dilution of the natural sap or of sea water.) Consequently we may expect it to contribute less to the observed potential than does the outer surface.
We may now postulate a high concentration of less mobile anions in the aqueous protoplasm (organic acids, amino acids, proteins), plus more mobile cations (K, Na) making a total equivalent concentration approximately equal to the sea water salts. (This would be in osmotic equilibrium with the sea water, assuming the carbohydrates to be mostly starches, etc., rather than sugars.) These will set up a large outwardly directed potential across the outer surface, and a smaller inwardly directed potential across the less responsive inner surface (the vacuole, like the sea water, being nearly free of such less mobile anions). The two potentials in algebraic sum would give the observed P.D. across the entire protoplasm.
21 Damon, E. B., and Osterhout, W. J. V., J. Gen. Physiol., 1929-30, IS, 445 . ~ Osterhout, W. J. V., Proc. Nat. Acad. So., 1938, 9.4, 75. Any change in this P.D. would then be due to either: (a) a change in the equivalent concentration of the protoplasmic ions themselves (or in their charge if amphoteric); or (b) a change in the properties of the surfaces, altering the partition or mobilities of the ions in them. The first change is not readily accessible to experimental test, but could of course occur as the result of decreased or increased metabolic production of such ions (e.g., lactic acid, pyruvic acid, etc.) under low oxygen tension; a change of charge could result from the penetration of acids (CO2) or bases (NH3) under experimental conditions such as have been described in this paper. A change in the surfaces could, however, be tested directly by applying externally or in the vacuole such solutions as nitrate and formate sea waters, which normally give large potential changes. Any changes in their effect which paralleled the change of P.D. might indicate that the response of the surface to internal ion sources was also being altered in the same way.
As a matter of experimental fact, it is almost invariably this change which occurs when the P.D. alters. Such a concurrent alteration was shown in a previous paper TM during exposures of Halicystis to low O~ tension, using in that case the response to KC1 as a test of the surface response. The KCI test is not ideal, since the K effect is transient, and there are also changes after the exposure which have to be allowed for. Nitrate, and similar sea waters are much more satisfactory, giving lasting and reproducible alterations of p.I). They give even more strikingly the same kind of picture:
as the P.D. falls due to low O~, then concurrently and proportionally, the response to these sea water substitutions decreases, until, when the P.D. is lowest, there is also practically no response to external substitutions (or to dilutions of any of the sea waters, including chloride sea water). It seems reasonable to conclude that the P.D. has likewise fallen because the cell surface no longer distinguishes between internal anions and cations, any more than it demonstrably does between external ones. Since the electrical resistance also rises greatly, TM the mobility of ions has evidently been greatly decreased, as well as equalized in the cell surface.
This resistance rise is emphasized, since it might be thought that the protoplasm was "injured" by the low O2 tension, becoming like a dead cell, and very permeable to all ions. Quite the contrary is evidently the case, the protoplasm becoming much less permeable to ions. Thus the direct current resistance rises from the normal value of 100 or 200 ohms, to several thousand ohms, per sq.cm., of cell surface. Along with this resistance rise, very large polarization curves appear at make and break of the measuring current, due to a very large capacity.
Then on restoration of oxygen (whether by aeration or by light) the P.D.
recovers promptly, and with it, pari passe, the response to nitrate and similar sea waters (as well as to dilution of normal sea water). The electrical resistance also falls, indicating an increased permeability to ions. . Then the cell is bathed in a sea water previously bubbled with hydrogen, plus some suspended platinized asbestos, to hasten the disappearance of dissolved oxygen (H2 + Pt). The 1,.i~. soon begins to fall. At about 70 my., sea water is quickly replaced with nitrate sea water (broken line), also well bubbled with hydrogen, plus platinized asbestos. The P.D. reverses as before, but to a lower negative value, and this begins to fall toward zero. Oxygen-free sea water is then restored (solid line), and the P.D. recovers only to about 50 my., and rapidly falls toward zero. Three more substitutions with oxygen-free nitrate sea water follow, as the P.D. fails, with a correspondingly lessened effect each time. In other words the nitrate effect disappears along with the falling p.D. At the arrow, light is then given; the solutions still remaining oxygen-free; but the 02 released photosynthetically within the cell causes a rapid restoration of P.D. Along with this the nitrate effect reappears (interrupted lines). Finally the cell is again darkened, and both the P.D. and the nitrate effect disappear. This suggests the cause for the light effects, in restoring the cell surface to its normal discrimination between different ions, which are probably responsible for the P.D. itself.
The graph is an actual tracing of an automatic potentiometer (Micromax) record. Balance is made every 3 seconds, giving a practically continuous record of the P.D. changes. Dark periods here represented by black blocks at bottom of figure, light period by their absence. Fig. 12 gives an example of this type of experiment, with lowered O, tension. Very similar results have been obtained with high CO2, and with ammonia, the surface losing its power to respond to nitrate sea water, etc., in both cases. The only difference seems to be that C02 appears to affect both surfaces, so that the P.D. remains low or nearly zero, while NH8 apparently alters the outer surface while leaving the inner to display its own potential (further experiments need to be done on the latter, however, by perfusion). In both cases again, light only acts as it opposes or aids these agents in their effects upon the ionic discrimination of the cell surface.
In what manner the surface is altered by these varied agents, and what clues these alterations give as to the nature of the cell surface, we may hope that future work may solve. Acidity changes within the protoplasm are strongly suggested, whether due to penetrating acids and bases, or to acid production in anaerobic or otherwise altered metabolism. In any case we may conclude that the surface is remarkably labile, not only in response to unusual agents such as guaiacol, 2' but to natural metabolic changes in respiration and photosynthesis.
Granted the validity of the hypothesis as to the source and nature of the P.D. in HalicysHs, most of the light effects fit well with the conventional effects of photosynthesis itself: O, production, and CO, consumption, with its resultant pH changes. No essentially new photosynthetic hypothesis has to be introduced except in respect to the initial anomalies, which are ascribed to an "acid gush" (and alkaline gush on darkening). Even these, however have acquired new standing as the result of the recent findings of Gaffron, 16 McAlister, 19 Ruben, Hassid, and Kamen, ~° and others as to unusual events during the first moments of illumination or darkening. It is even possible that the bioelectric changes, being intrinsically very rapid (because based upon events in the protoplasm itself, before they can be detected outside) may give new information on these important points.
SUMMARY
The effects of light upon the potential difference across the protoplasm of impaled Halicystis cells ~re described. These effects are very slight upon the normal P.D., increasing it 3 or 4 per cent, or at most 10 per cent, with a characteristic cusped time course, and a corresponding decrease on darkening. Light effects become much greater when the P.D. has been decreased by low O, content of the sea water; light restores the P.D. in much the same time course as aeration, and doubtless acts by the photosynthetic production of O~. There are in both cases anomalous cusps which decrease the P.9. before it rises. Short light exposures may give only this anomaly. Over part of the potential range the light effects are dependent upon intensity.
Increased CO2 content of the sea water likewise depresses the r.D. in the dark, and light overcomes this depression if it is not carried too far. Recovery is probably due to photosynthetic consumption of C02, unless there is too much present. Again there are anomalous cusps during the first moments of illumination, and these may be the only effect if the P.D. is tOO low.
The presence of ammonium salts in the sea water markedly sensitizes the cells to light. Subthreshold NH4 concentrations in the dark become effective in the light, and the P.D. reverses to a negative sign on illumination, recovering again in the dark. This is due to increase of pH outside the cell as CO2 is photosynthetically reduced, with increase of undissociated NH8 which penetrates the cell.
Anomalous cusps which first carry the r.D. in the opposite direction to the later drift are very marked in the presence of ammonia, and may represent an increased acidity which precedes the alkaline drift of photosynthesis.
This acid gush seems to be primarily within the protoplasm, persisting when the sea water is buffered. Glass electrode measurements also indicate anomalies in the pH drift.
There are contrary cusps on darkening which suggest temporarily increased alkalinity.
Even more complex time courses are given by combining low 02 and NH~ exposures with light; these may have three or more cusps, with reversal, recovery, and new reversal.
The ultimate cause of the light effects is to be found in an alteration of the surface properties by the treatments, which is overcome (low 02, high C02), or aided (NH4) by light. This alteration causes the surface to lose much of its ionic discrimination, and increases its electrical resistance. Tests with various anion substitutions indicate this, with recovery of normal response in the light.
A theory of the P.D. in Halicystis is proposed, based on low mobility of the organic anions of the protoplasm, with differences in the two surfaces with respect to these, and the more mobile Na and K ions.
